Purkinje cells (PCs) convey the sole output of the cerebellar cortex to the deep cerebellar nuclei (DCN). DCN neurons are enwrapped in densely organized extracellular matrix structures, known as perineuronal nets (PNNs). PNNs are typically found around fast-spiking GABAergic interneurons expressing parvalbumin but interestingly also exist surrounding other neurons, such as the neurons in the DCN and medial nucleus of the trapezoid body, which are the postsynaptic neurons of large axo-somatic synapses adapted for fast signaling. This characteristic localization prompted the hypothesis that PNNs might play a role in the maintenance and formation of large fast-signaling synapses. To elucidate the role of the PNN at these synapses, we investigated the electrophysiological and morphological properties of DCN synapses in hyaluronan and proteoglycan binding link protein 4 (Hapln4/Bral2) knockout (KO) mice around postnatal day (P)14. Hapln4/Bral2 is important for PNN structure, as it stabilizes the interaction between hyaluronan and proteoglycan. Here, using immunohistochemistry we show that Hapln4/Bral2 localized closely with GABAergic terminals. In DCN neurons of Hapln4/Bral2 KO mice, inhibitory synaptic strengths were reduced as compared to those in wild-type mice, whereas the properties of excitatory synapses were unaffected. The reduced IPSC amplitudes were mainly because of reduced numbers of releasable vesicles. Moreover, Hapln4/Bral2 deficiency reduced the number of PC GABAergic terminals in the DCN. These results demonstrate that Hapln4/Bral2 is a PNN component that selectively contributes to formation and transmission of PC-DCN synapses in the cerebellum. Keywords: cerebellum, extracellular matrices, inhibitory synapse, link protein, perineuronal net, synaptic transmission. J. Neurochem. (2018) 147, 748--763.
Purkinje cell (PC) axons are the only output of the cerebellar cortex, and they innervate deep cerebellar nuclei (DCN) neurons. PCs are specialized for fast signaling and fire at very high frequency up to several hundreds of Hz (Monsivais et al. 2005) . To ensure reliable transmission to DCN, PC axons form multiple large synapse terminals onto the soma of DCN neurons. It remains unknown, however, how such specialized synapses are formed. The axons form synaptic contacts after birth and establish mature synapses by postnatal day (P)21 (Goldowitz and Hamre 1998) . There are several proteins which are implicated in synapse formation at this synapse, such as Rac, focal adhesion kinase, and semaphorin 3A, (Luo et al. 1996; Rico et al. 2004; Carulli et al. 2013) , though these proteins are also implicated in synapse formation of other synapses (Zhang et al. 2005; Uesaka et al. 2014) . The PC-DCN synapse type has a specialized lattice-like structure involved in synapse stabilization, known as the perineuronal net (PNN). PNNs are typically found around fast-spiking GABAergic interneurons expressing parvalbumin, but interestingly, they also exist around synapses such as the PC-DCN and the calyx of Held synapse, which are large and adapted for fast signaling. Therefore, one can speculate that formation of fast synapses may require PNNs to maintain reliable synaptic signaling (Blosa et al. 2015; Balmer 2016) . Despite its possible importance, only few studies have been performed to examine the roles of the PNN in synaptic function at PC-DCN synapses. As a first step toward understanding the function of the PNN at PC-DCN synapses, we directly examined the roles of hyaluronan and proteoglycan binding link protein 4 (Hapln4/Bral2, hereinafter referred to as Bral2), an important element of PNNs in synaptic transmission.
PNNs are composed of hyaluronan, chondroitin sulfate proteoglycans, tenascin-R, and Haplns. A conceptual model referred to as the HLT (hyaluronan, lectican type-chondroitin sulfate proteoglycans, and tenascin-R) complex describes the characteristic tripartite complex of PNNs (Yamaguchi 2000) . Haplns play a pivotal role in stabilizing the HLT complex via interaction between CSPG and hyaluronan (Oohashi et al. 2015) . Two Haplns, Hapln1/Crtl1 and Bral2, are the triggering molecules for the assembly of extracellular matrix components into a PNN (Carulli et al. 2010) . In mice lacking Hapln1/Crtl1 in the CNS, PNNs are attenuated (Carulli et al. 2010) . Similarly, in mutant mice lacking Bral2, PNNs are reduced, showing a diffuse brevican staining (Bekku et al. 2012) . However, both Hapln1/Crtl1 and Bral2 knockout (KO) mice exhibit no changes in the overall levels of PNN components (Carulli et al. 2010; Bekku et al. 2012) , though in mice lacking Hapln1/Crtl1 in the CNS, immunostaining of semaphorin 3A normally present in PNNs is strongly diminished (Vo et al. 2013) . Intriguingly, an enriched environment promotes structural plasticity in the cerebellum, which is accompanied by a strong PNN reduction, namely decreased synthesis of Hapln1/Crtl1 and other PNN components (Foscarin et al. 2011) . Mice lacking Hapln1/Crtl1 display persistent plasticity into adulthood (Carulli et al. 2010) . Moreover, in Bral2 KO mice, vestibular compensation after unilateral labyrinthectomy is accelerated (Faralli et al. 2016) , suggesting that plasticity is enhanced in vestibular function-related nuclei. Collectively, Hapln1/Crtl1 and Bral2 are crucial components of PNNs, contributing to PNN formation and maintenance and to the control of plasticity exerted by PNNs.
Because Bral2 is mainly expressed in the brainstem and cerebellum (Bekku et al. 2003) , the PNN in these regions is unique in terms of molecular components. Its expression is mostly co-localized with Hapln1/Crtl1 in the nuclei of these regions (Bekku et al. 2012) . We previously reported that Bral2 gene deletion led to a decrease in the number of synapses in the DCN (Bekku et al. 2012) , which receives GABAergic inhibitory projections from PCs. Additionally, the DCN receives glutamatergic excitatory inputs from various precerebellar nuclei and the inferior olive via mossy fibers and climbing fibers (CFs), respectively. It remains unclear whether Bral2 deficiency affects either or both types of synapses. Here, we investigated electrophysiological and morphometric properties of the DCN neurons and synapses from Bral2 KO mice and demonstrated the specific importance of Bral2 for inhibitory synapse formation in the DCN.
Methods

Ethics statement
All animal experiments and animal care were performed in accordance with the policy on the care and use of laboratory animals of our institution and were approved by the Animal Care and Use Committee of Okayama University and Doshisha University (Permit Numbers: OKU-2016045). Every attempt was made to minimize the number and the suffering of animals used in these experiments. Animals were sorted into groups based on genotype, and thus not randomized and researchers were not blinded to genotype. Animals were kept on a 12 h light/dark cycle with a regular feeding and cage-cleaning schedule. The mice were given free access to food and water. The study was not pre-registered.
Electrophysiology
Acute sagittal slices were prepared from homozygous Bral2 KO mice (B6;129SvJ-Hapln4 tm1 , Center for Animal Resources and Development, Kumamoto University ID: 1442, Bekku et al. 2012) and C57BL/6 wild-type (WT; SLC Japan, RRID:IMSR JAX:000664) mice of either sex around P14. Bral2 KO mice were generated on a C57BL/6 background. The animals were deeply anaesthetized by inhalation of isoflurane, decapitated, and brains were removed. The slicing solution contained (in mM): 60 NaCl, 120 sucrose, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 25 D-glucose, 0.4 ascorbic acid, 3 myo-inositol, 2 Na-pyruvate, 0.1 CaCl 2 , and 3 MgCl 2 . Slices were incubated at 37°C for 1 h in a saline solution containing the following (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 25 D-glucose, 0.4 ascorbic acid, 3 myo-inositol, 2 Na-pyruvate, 2 CaCl 2 , and 1 MgCl 2 . Recordings were performed at 22-24°C. Whole-cell patch clamp recordings from DCN neurons were performed using an EPC10/3 amplifier (HEKA, Germany). A patch pipette of 3 MO was used for recording. The series resistance (Rs) was 5-20 MO, which was compensated so that the residual resistance was below 3 MO. Remaining Rs was corrected off-line, according to the method of Traynelis (1998) . For recording from a DCN neuron, the following internal solution was used (in mM): 170 CsCl, 2 EGTA, 10 Hepes, 0.5 QX314, 2 Mg-ATP, and 0.2 Na-GTP.
In some experiments, the solution contained (in mM): 150 CsCl, 10 Hepes, 5 Na-phoshocreatine, 4 Mg-ATP, 0.3 Na-GTP, and 0.5 EGTA. For the experiments using low Cl À internal solution, the solution contained (in mM): 130 K-gluconate, 30 KCl, 10 Hepes, 5 Na-phoshocreatine, 4 Mg-ATP, 0.3 Na-GTP, and 0.5 EGTA.
Usually, the cell was held at -80 mV, but in some recordings, it was held at À70, À60, or À30 mV because of large IPSC sizes. For the latter case, the amplitudes for the case of À80 mV (or À70 mV for Fig. 3d Immunohistochemistry P14 WT and Bral2 KO mice of either sex were used. The immunohistochemistry procedure was previously described (Cicanic et al. 2018) . To obtain specimens for cryosections, vascular perfusion via the left ventricle was carried out with phosphatebuffered saline (PBS), and then with a fixative containing 4% paraformaldehyde and 0.1 M phosphate buffer (pH 7.4). Brains were removed and post-fixed overnight at 4°C. The sample were immersed in 30% sucrose solution in PBS at 4°C, embedded in OCT compound (Sakura Finetek Japan) and frozen. Then 20-lm-thick sagittal cryosections were made. The specimens were exposed overnight at 4°C to specific primary antibodies ( Carpinteria, CA, USA). Fluorescent images were acquired using a confocal laser scanning microscope system (LSM780, Carl Zeiss, Oberkochen, Germany). Confocal images were acquired at a resolution of 1024 9 1024 dpi. Laser intensity, gain, and offset were maintained at constant levels for each analysis.
Quantitative morphological analysis
All morphometric analyses were performed on 0.9-lm-thick confocal images (one focal plane), captured under a 639 objective. ImageJ software was used for all morphometric analyses. The number of PC terminals, which were distinguished by double immunopositivity of anti-calbindin D28k antibody and antivesicular GABA transporter (VGAT) antibody, around DCN neurons was evaluated by drawing the outline of the neuronal soma and counting the PC terminals in contact with it. The size of PC terminals was evaluated by drawing their outlines. The number of vesicular glutamate transporter 1 and 2 (VGLUT1 and VGLUT2) terminals around DCN neurons was measured by drawing the outline of the neuronal soma and counting the VGLUT1 and VGLUT2 terminals in contact with it. The size of VGLUT1 and VGLUT2 terminals was evaluated by drawing their outlines. The perimeter of DCN neurons was evaluated by drawing the outline of the neuronal soma. All measurements were performed on neurons of the medial DCN (stained by anti-NeuN antibodies), in which the cell bodies and nuclei were visible. Three mice from each genotype were analyzed in duplicate.
Statistical analysis
Statistical analysis was performed using SigmaPlot 13 (Systat Software, San Jose, CA, USA), Igor Pro 6 (Wavemetrics, Portland, Oregon, USA), or Microsoft Excel (Microsoft, Redmond, Washington, USA). Normality was determined with the Shapiro-Wilk test. A test for outliers was not performed. For statistical differences between the two genotypes, we used unpaired Student's t-test or ANOVA. In all instances, p < 0.05 was considered as statistically significant. Graphs and data are presented as mean AE SEM. Sample size calculation was not used to predetermine the sample size.
Results
Expression of Bral2 in the DCN of WT and Bral2 KO mice
In the adult DCN, Bral2 immunoreactivity appears in a PNN pattern (Bekku et al. 2003 (Bekku et al. , 2012 . Moreover, prominent signals of Bral2 mRNA are found in PCs as well as in the DCN by in situ hybridization (Bekku et al. 2003) . Thus, it has been hypothesized that Bral2 located in the DCN should derive mainly from PC axons, although DCN neurons also express Bral2 transcripts. During postnatal development of rat PCs, Bral2 mRNA shows a peak of expression at P21, although the immunohistochemical time course of Bral2 expression has not been described in the DCN (Carulli et al. 2007) . To investigate the expression of Bral2 in the DCN at P14, we stained cerebellar sections using anti-Bral2 antibody, anti-NeuN antibody as a marker for neurons, and anti-VGAT antibody. Bral2 immunoreactivity was present around neurons in the P14 DCN of WT mice ( Fig. 1a-c ). Double labeling of Bral2 and VGAT showed that Bral2 was closely associated with VGAT terminals (Fig. 1a) . DCN neurons receive excitatory inputs from mossy fiber and CF collaterals (Pugh and Raman 2006) . CFs exclusively use VGLUT2, and mossy fibers employ VGLUT1 and VGLUT2 for vesicular glutamate uptake in the DCN (Hioki et al. 2003) . Both VGLUT1 and VGLUT2 terminals were present around NeuN-positive neurons and located close to Bral2 immunoreactivity in the P14 DCN of WT mice ( Fig. 1b and c) . In the DCN of Bral2 KO mice, Bral2 immunoreactivity was completely absent (Fig. 1d) . Therefore, Bral2 KO mice can be used to examine the functional role of Bral2 in the DCN.
Membrane properties of DCN neurons
We have analyzed membrane properties of DCN neurons in voltage clamp (Raman et al. 2000) . When the cell was depolarized to positive membrane potential, Na and K currents were observed (Fig. 2a) . When the peak amplitudes of Na currents were plotted against membrane potential, KO neurons exhibit somewhat larger Na currents (Fig. 2b , p = 0.0001 by ANOVA analysis, WT, n = 11; KO, n = 13). K currents amplitudes had no significant difference except for +50 mV (Fig. 2b , p = 0.001). When comparing an action potential waveform between WT and KO under current clamp condition ( Fig. 2c) , there was no difference in the peak amplitudes or half width (Fig. 2d , see also Table 2 ). Although we cannot exclude the possibility that excitability is regulated by Bral2, it does not change the post-synaptic action potential waveform. In addition, when comparing the number of spikes at a given current amplitude under current clamp, there was no difference between WT and KO (data not shown).
Reduced IPSC amplitudes in Bral2 KO mice In order to examine the functional importance of Bral2 KO for synaptic properties, we examined inhibitory synaptic properties of DCN neurons from Bral2 KO mice. Major inhibitory (GABAergic) inputs to DCN neurons are derived from PC axons (Telgkamp and Raman 2002; Pedroarena and Schwarz 2003; Telgkamp et al. 2004) , whereas excitatory (glutamatergic) inputs are derived from mossy fiber collaterals (Pugh and Raman 2006 Telgkamp et al. 2004; Kawaguchi and Sakaba 2015) , as shown in Fig. 3a . Further, synaptic depression is a typical feature of this synapse type (see Fig. 4 , Kawaguchi and Sakaba 2015; Telgkamp and Raman 2002) . In Bral2 KO neurons, IPSC amplitudes were markedly reduced to less than one-third of the size of those in WT neurons (WT: À20.1 AE 2.9 nA from n = 16 cells, Bral2 KO: À4.9 AE 0.9 nA from n = 11 cells, p = 0.0003, Fig. 3a were reduced in KO. Specifically, the IPSC amplitudes were À1168 AE 187 pA (n = 6) and À475 AE 129 pA (n = 8) in WT and KO, respectively (p = 0.008, t-test). Usually our stimulus intensity (in our stimulator) was 30-50 V, and we changed stimulus intensity and looked at the consequence onto the IPSC amplitudes. In the example of Fig. 3d and e, the IPSC amplitudes were all-nor-none, suggesting that a single fiber was recruited. In some cases, two fibers were recruited. On average, 1.5 AE 0.22 and 1.1 AE 0.15 inputs were recruited in WT and KO, respectively (no statistical significance by ttest, p = 0.12). Note that the average IPSC amplitudes in low Cl À internal solution were calculated based on the condition of a single fiber stimulation.
Pre-synaptic factors determining reduced IPSC amplitudes Synaptic strengths are determined by the number of release sites, release probability (Pr), and quantal sizes (Katz 1969) . Reduced synaptic strengths could be because of pre-synaptic (i.e., reduced transmitter release) or post-synaptic (i.e., reduced quantal sizes) factors. In order to discriminate the factors contributing to reduced IPSC amplitudes, we collected spontaneous IPSCs (sIPSCs) from DCN neurons for a 10 s period in each sweep in the presence of NBQX (10 lM), which blocks excitatory inputs. In the following sets of experiments, high Cl À internal solution was used.
Most GABAergic terminals on DCNs stem from PC axons (approximately 80%) (De Zeeuw and Berrebi 1995) , and evoked responses can be distinguished from sIPSCs by very large amplitudes. Spontaneous IPSCs were collected from WT and Bral2 KO neurons. As shown in Fig. 4a , sIPSC amplitudes in WT neurons exhibited a mean amplitude of around 100 pA, which is similar to a previously reported value (Pedroarena and Schwarz 2003) . In Bral2 KO, sIPSCs showed a similar average value (À110 AE 9 pA vs.
À129 AE 21 pA, n = 6 and n = 5, from WT and Bral2 KO, respectively), suggesting that post-synaptic factors such as reduced receptor numbers or conductance are unlikely to be responsible for the reduced evoked IPSC amplitudes (Fig. 4) . Furthermore, mIPSC amplitudes (observed in the presence of TTX) were similar between WT and KO neurons (À91 AE 12 pA and À88 AE 11 pA, respectively, at Vh = À60 mV, n = 5 each). Intervals of mIPSCs under TTX were 21. 9 AE 2.5 and 20.3 AE 1.5 ms, respectively (Table 2 ). In the absence of TTX, many events were overlapped and it was difficult to look at frequency quantitatively. Because of no change in sIPSC or mIPSC amplitudes, pre-synaptic mechanisms reducing the amount of transmitter release are more likely to be responsible for reduced synaptic strength.
Reduced number of functional release sites in Bral2 KO mice Pre-synaptic mechanisms could include changes in Pr or the number of release sites. Changes in the paired pulse ratios in the dual-stimulation protocol should reflect changes in Pr at the synapses between PC and DCN at least to some extent (Fig. 4c , Telgkamp et al. 2004) . Figure 4c shows some example traces of paired pulse responses in WT and Bral2 KO neurons. In Fig. 4d , the stimulus intervals between the twin stimulations were varied. Paired pulse ratios showed only a slight difference between WT and Bral2 KO (n = 8 cells in WT and n = 6 cells in Bral2 KO), suggesting a small difference in Pr, if any (no statistical significance in ANOVA, p = 0.60). These data suggest that a reduced number of release sites, rather than reduced Pr or quantal size, is the major mechanism of reduced synaptic strength in Bral2 KO neurons. In order to examine the time course of short-term plasticity during repetitive stimulation in Bral2 KO mice, we applied a train of fiber stimulation (10 Hz). When we compared WT and Bral2 KO (Fig. 5a) , the overall IPSC amplitude during a train in Bral2 KO mice was 20-30% of that in WT mice (Fig. 5b) . When we examined the normalized time course of depression, depression was slightly less in Bral2 KO mice (Fig. 5c , 29 AE 3% in WT vs. 49 AE 6% in Bral2 KO, n = 9 cells for WT and n = 8 cells for KO), which is consistent with a slight change in Pr (p = 0.0001 by ANOVA), although other factors (reduced vesicle replenishment or enhanced saturation of GABA receptors) cannot be excluded entirely. We did not observe a difference in the depression time course at 50 Hz (Fig. 5d , no statistical difference by ANOVA, p = 0.95). This is perhaps because high-frequency stimulation induces a releaseindependent component of depression, likely because of conduction failure of pre-synaptic action potentials (Kawaguchi and Sakaba 2015) or other mechanisms (Hefft et al. 2002; Kraushaar and Jonas 2000 ; but see Turecek et al. 2016) . Nevertheless, the lack of changes in the depression time course is consistent with no major change in Pr. When we plotted the cumulative IPSC amplitude during a 10-Hz train, it was 3-4-fold larger in WT than in KO neurons without changing the time course significantly, consistent with a reduced number of release sites or size of the readily releasable pool of synaptic vesicles (see Fig. 7a ).
No differences in EPSC amplitudes between WT and Bral2 KO mice DCN neurons receive excitatory inputs from mossy fiber and CF collaterals (Pugh and Raman 2006) . In the presence of picrotoxin (50 lM), EPSCs were evoked by (Fig. 6a ). The first EPSCs had amplitudes of 200-300 pA (À291 AE 46 pA vs. À348 AE 42 pA, n = 6 cells and n = 5 cells, in WT and Bral2 KO, respectively), with no difference between WT and Bral2 KO neurons (Fig. 6b , p = 0.39). The relationship between stimulus intensity and the EPSC amplitudes was gradual, suggesting that multiple fibers were recruited as stimulus was recruited (Fig. 6c) . Nevertheless, we have measured at saturating intensity in most of our recordings. During a train stimulation, EPSCs exhibited depression. The depression time course showed no significant difference between WT and Bral2 KO neurons (Fig. 6d) . When cumulative EPSCs during a stimulus train were plotted, there was no difference at excitatory synapses, whereas overall cumulative responses were reduced by less than one-third in the case of IPSCs (Fig. 7) . This indicates that Bral2 specifically regulates formation of functional inhibitory synapses without affecting that of excitatory synapses.
Reduced GABAergic synapses of PCs in DCN of Bral2 KO mice Reduction of release sites encompasses a decrease in synaptic vesicle docking sites or in synapse number. In order to investigate whether the lack of Bral2 induced changes in pre-synaptic terminals, we performed morphometric measurements of pre-synaptic terminals in the DCN of WT and Bral2 KO mice at P14 (Fig. 8) . The large projection neurons of the DCN receive strong innervation from GABAergic PC axons on the perikaryon. In the DCN of Bral2 KO mice, the number of PC terminals at NeuNpositive neurons was significantly lower than in WT mice (Fig. 8b , WT = 0.21 AE 0.01 terminals/perimeter, Bral2 KO = 0.17 AE 0.01 terminals/perimeter, p = 0.01). The size of PC terminals was similar in WT and Bral2 KO mice (Fig. 8c , WT = 2.70 AE 0.33 lm 2 , Bral2 KO = 2.20 AE 0.26 lm 2 , p = 0.30). The perimeter of DCN neurons was also similar in WT and Bral2 KO mice (Fig. 8e , WT = 98.15 AE 4.56 lm, Bral2 KO = 87.73 AE 2.92 lm, p = 0.13), thus indicating that the absence of Bral2 caused a decrease in the number of PC terminals but did not change their size.
The numbers of VGLUT1 and VGLUT2 terminals at NeuNpositive neurons showed no significant differences between WT and Bral2 KO mice (Fig. 8g , WT = 0.024 AE 0.002 terminals/perimeter, Bral2 KO = 0.026 AE 0.004 terminals/ perimeter, p = 0.64; Fig. 8l , WT = 0.036 AE 0.005 terminals/ perimeter, Bral2 KO = 0.039 AE 0.007 terminals/perimeter, p = 0.76, respectively). The sizes of VGLUT1 and VGLUT2 terminals were also similar in WT and Bral2 KO mice (Fig. 8h , WT = 0.57 AE 0.08 lm 2 , Bral2 KO = 0.47 AE 0.09 lm 2 , p = 0.48; Fig. 8m , WT = 0.55 AE 0.04 lm 2 , Bral2 KO = 0.59 AE 0.04 lm 2 , p = 0.60, respectively). The perimeters of DCN neurons were similar between WT and Bral2 KO mice used for quantification analysis of VGLUT1 and VGLUT2 (Fig. 8j , WT = 89.05 AE 4.17 lm, Bral2 KO = 93.81 AE 9.54 lm, p = 0.67; Fig. 8o , WT = 84.58 AE 9.82 lm, Bral2 KO = 86.59 AE 8.65 lm, p = 0.89, respectively). Therefore, we concluded that reduced number of inhibitory synaptic contacts, not excitatory, is one of the mechanisms of reduced synaptic strength. Because reduced fraction of the synaptic strength is much more than that of the The average sIPSC amplitudes from WT (n = 6) and Bral2 KO (n = 5) neurons. The average amplitudes are similar by t-test, around 100 pA. (c) The PC fiber was stimulated extracellularly twice with an interval of 100 ms, and evoked IPSCs were recorded from the deep cerebellar nuclei (DCN) neuron in order to measure paired pulse ratios. Example traces from WT (top) and Bral2 KO (bottom) are shown. In WT traces, scaled KO traces are shown as a dotted line. (d) Fibers were stimulated twice with varied intervals, and the paired pulse ratios were calculated from the evoked responses. Paired-pulse ratios from WT (red, n = 8) and Bral2 KO (blue, n = 6) are plotted against the stimulus interval (log scale) (no statistical significance by ANOVA). ISIs: interstimulus intervals. n.s.: not significant. n = number of cells. terminal number, it is likely that the number of release sites within a terminal is reduced in Bral2 KO mice, in addition to the reduced synapse number.
Discussion
The DCN are located in the inner core of the cerebellum and provide the main output of the cerebellum. The DCN receives collateral input from afferents to the cerebellar cortex (CFs and mossy fibers) in addition to inhibitory input from PCs. Previously, mice harboring a deletion of the Bral2 gene exhibited a decrease in the number of synapses in the adult DCN, but it was unclear which types of synapses were affected by this deficiency (Bekku et al. 2012) . Here, we found that inhibitory synaptic properties of DCN neurons of Bral2 KO mice were strongly reduced as compared to those in WT mice, whereas the properties of excitatory synapses were unaffected. Notably, Bral2 deficiency caused a reduction in GABAergic pre-synaptic terminals of PCs in the DCN, as revealed by morphological findings. Together, these observations indicate that Bral2 selectively contributes to the formation and transmission of PC-DCN synapses in the cerebellum. Synapse formation may include not only establishment of synapse itself, but also the number of release sites within the synapse.
PCs are the central components of all cerebellar circuits. PCs are innervated by many (~100 000 in mice) parallel fibers on their distal dendrites and by a single CF on their proximal dendrites. The CF-PC synapse is a representative model for studying the postnatal refinement of neuronal circuits in the central nervous system. Thus, the processes for postnatal refinement of CF-PC synapses and their molecular mechanisms have been elucidated (Hashimoto and Kano 2013; Leto et al. 2016) . In contrast, the mechanisms of developmental modulation of PC-DCN synapses are largely unknown, even though PC-DCN synapses constitute the basic circuit that controls cerebellar-dependent behaviors (Oberdick and Sillitoe 2011) . In order to understand the developmental establishment of PC-DCN synaptic properties, it is important to clarify the key factors regulating the functional connection of the PC-DCN synapse. Several lines of evidence suggest that expression of activated Rac affects the signaling events necessary for PC differentiation, thereby preventing the elaboration of pre-synaptic terminals (Luo et al. 1996; Rico et al. 2004) . However, it remains unclear how these intrinsic factors are regulated by extrinsic factors.
Here, we show that Bral2 deficiency caused selectively reduced inhibitory synaptic properties at DCN neurons. Moreover, Bral2 deficiency resulted in a remarkably reduced number of pre-synaptic terminals of PCs in the DCN around P14, whereas the size of PC terminals was not different. On the other hand, previous studies have suggested that adult mice lacking Hapln1/Crtl1 display attenuated PNNs with strongly diminished chemorepulsive axon guidance molecule semaphorin 3A levels (Vo et al. 2013 ) and enlargement of PC pre-synaptic terminals in the DCN (Foscarin et al. 2011) . Interestingly, the amount of semaphorin 3A in the PNNs of DCN neurons is related to PC innervation but not to glutamatergic inputs . These results suggest that reduced semaphorin 3A accumulation by poorly developed PNNs increased the anatomical plasticity of PC terminals (De Winter et al. 2016) . Although the exact role of Bral2 at the PC-DCN synapse is not known, our experiments indicate that Bral2 has specific roles in mediating the Bral2 is essential for the proper assembly of the PNN structure, though oddly enough, it is expressed around large synapses such as the calyx of Held and PC-DCN synapse, which are adapted for fast signaling. It is possible that Bral2 deletion changes the local structure of PNNs, which may be crucial for formation of these synapses. Early studies revealed that the tenascin-R regulates the efficacy of GABA release and the number of perisomatic inhibitory synapses formed on pyramidal neurons in the CA1 area of the hippocampus (Saghatelyan et al. 2001; Nikonenko et al. 2003) . Tenascin-R is a component of PNNs, and one of the main carriers of the human natural killer-1 (HNK-1) carbohydrate (Schachner and Martini 1995) . The deficiency in tenascin-R carrying the HNK-1 carbohydrate displayed a reduction in perisomatic inhibition, accompanied by an increase in post-synaptic GABA B receptors activity (Saghatelyan et al. 2001) . Moreover, tenascin-R deficiency resulted in a reduced number of inhibitory synaptic contacts on the pyramidal neurons in the CA1 hippocampus (Nikonenko et al. 2003) . Disruption of HNK-1/GABA B receptors interaction by HNK-1 monoclonal antibody induced persistent outflow of K + via GABA B receptor coupled K + channels that retrogradely affects GABA release from pre-synaptic terminals (Saghatelyan et al. 2003) . Although little is known about their mechanism, a higher activity of post-synaptic GABA B receptors may give rise to impaired formation or destabilization of inhibitory synapses. HNK-1 is expressed around the neuronal soma in the DCN of adult C57BL/6 mice (Marzban et al. 2004 ). In the DCN of Bral2 KO, tenascin-R immunoreactivity showed a partially diffuse localization (Bekku et al. 2012) . These findings suggest that abnormal localization of tenascin-R caused by the Bral2 deficiency may lead to the reduction in GABAergic pre-synaptic terminals of PCs in the DCN.
Next, semaphorins are also implicated in synapse formation, and deficiency of Bral2 may change local distribution of semaphorins. There is clear evidence that several members of the semaphorin family mediate retrograde signals from PCs to CFs that regulate multiple processes of CF synapse elimination (Uesaka et al. 2014) . Indeed, the PNN around DCN neurons displays semaphorin 3A and 3B labeling (Vo et al. 2013) . Therefore, we speculate that Bral2 deficiency caused the diffuse localization of PNN component molecules at the very microscopic level around the PC-DCN synapse, resulting in suppressed formation of GABAergic presynaptic PC terminals.
During postnatal development of rat PCs, Bral2 mRNA shows a peak expression level at P21 (Carulli et al. 2007) , which coincides with the functional formation of the PC-DCN synapse. Although P11-P20 is the early stage of PNN formation, we confirmed that immunoreactivity of Bral2 could be detected in the DCN by P14 and is closely associated with the PC terminals on DCN neurons. In the cerebellum, immunoreactivity of Bral2 is detected around the axon terminals of GABAergic neurons where Bral2 mRNAs are detected (Bekku et al. 2003; Carulli et al. 2006) . Furthermore, in the DCN of PC degeneration (pcd) mutant mice, a PNN pattern immunostaining of Bral2 was not detected (Blosa et al. 2016) . These results suggest that Bral2 surrounding DCN neurons derives mainly from PC axons. Therefore, Bral2 deficiency may markedly influence pre-synaptic terminals of PCs, despite the fact that neurons in the DCN receive both inhibitory inputs from PCs and excitatory inputs from mossy fibers.
Overall, our findings elucidate Bral2 as a PNN component that is selectively responsible for GABAergic PC-DCN synapse formation. Little is known about how Bral2 contributes to formation and transmission of PC-DCN synapses. In future studies, it will be interesting to determine which molecules collaborate with Bral2 as well as the mechanism underlying maintenance of the PC-DCN synapse. Understanding how Bral2 exerts its function at PC-DCN synapses should enable us to identify new mechanistic insights into the regulation of synaptogenesis by the PNN.
